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ABSTRACT 
Expansive soils are found in many parts of the world, particularly in semi- 
arid regions.  They are known to expand on absorbing water and shrink on 
loosing water. In this research project soil samples were obtained from the 
vast clay plains of Sudan, namely Fao in eastern Sudan (Soil (1)), 
Wadelsayh in central Sudan (Soil (2)) and Tharjath in southern Sudan (Soil 
(3)). The objective was to study the following:- 
• The engineering and mineralogical properties of the selected 
potentially expansive soils. 
• The effects of physical properties, moisture content and dry density 
on their swelling potential.  
From the test results, it was found that Soil (1) measured the highest 
percentage swelling at the same moisture content compared to the other two 
soils. It was also found that clay mineralogy plays an important role in soil 
swelling. Soil (1) and Soil (2) which are predominantly montimorillonitc 
measured small amount of swelling at moisture content equal to the plastic 
limit. Soil (3) with mixed mineralogy maintained relatively high swelling at 
moisture content equal to the plastic limit. 
 
 Swelling increases with increase in dry density and decreases with increase 
in initial water content. It was found that swelling decreases with increase in 
liquidity index for samples prepared at the same dry density and good 
relationship was found between state Factor Fi ,(1- L.I)*γd and swelling for 
the tested soils. 
  ﺴﺘﺨﻠﺺﻤاﻟ
 
 
ﺗﻌﺮف اﻟﺘﺮﺑﺔ . ﻗﺎﻟﻴﻢ ﺷﺒﻪ اﻟﺠﺎﻓﺔ   ﺗﻐﻄﻰ اﻟﺘﺮﺑﺔ اﻟﻄﻴﻨﻴﺔ ﻣﺴﺎﺣﺎت ﺷﺎﺳﻌﻪ ﻣﻦ اﻟﻌﺎﻟﻢ وﺗﺤﺪﻳﺪًا ﻓﻰ اﻻ    
ﻓﻲ هﺬا اﻟﺒﺤﺚ ﺗﻤﺖ دراﺳﺔ اﻟﺘﺮﺑﺔ ﻣﻦ  .اﻟﻄﻴﻨﻴﺔ ﺑﺘﻤﺪدهﺎ ﻋﻨﺪ اﻣﺘﺼﺎص اﻟﻤﺎء واﻧﻜﻤﺎﺷﻬﺎ ﻋﻨﺪ ﻓﻘﺪاﻧﻪ
وﺳﻂ اﻟﺴﻮدان  ،وداﻟﺴﺎﺋﺢ ﻓﻰ(( 1)ﺗﺮﺑﺔ)ﺷﺮق اﻟﺴﻮدان  ﻣﻨﺎﻃﻖ اﻟﺴﻮدان اﻟﻤﺨﺘﻠﻔﺔ وﺗﺤﺪﻳﺪَا ﻣﻦ اﻟﻔﺎو ﻓﻰ
  -:  اﻟﻬﺪف ﻣﻦ هﺬﻩ اﻟﺪراﺳﺔ ﻣﻌﺮﻓﺔ اﻻﺗﻰ((.3)ﺗﺮﺑﺔ )ﺟﻨﻮب اﻟﺴﻮدان  وﺛﺎرﺟﺎث ﻓﻰ(( 2)ﺗﺮﺑﺔ )
 .اﻟﺨﻮاص اﻟﻬﻨﺪﺳﻴﺔ واﻟﻤﻌﺪﻧﻴﺔ ﻟﻠﺘﺮﺑﺔ اﻟﻄﻴﻨﻴﺔ  •
  . ﺗﺄﺛﻴﺮ اﻟﺨﻮاص اﻟﻔﻴﺰﻳﺎﺋﻴﺔ ، اﻟﻤﺤﺘﻮﺋﻰ اﻟﺮﻃﻮﺑﻰ و اﻟﻜﺜﺎﻓﺔ اﻟﺠﺎﻓﺔ ﻋﻠﻲ اﻻﻧﺘﻔﺎخ •
  
ﻣﻦ اﻟﻔﺎو ﺗﻌﻄﻰ اآﺒﺮ ﻧﺴﺒﺔ إﻧﺘﻔﺎخ ﻋﻨﺪ ﻧﻔﺲ اﻟﻤﺤﺘﻮى اﻟﻤﺎﺋﻰ ( 1)ﻣﻦ هﺬﻩ اﻟﻨﺘﺎﺋﺞ وﺟﺪ ان اﻟﺘﺮﺑﺔ 
ﻟﻘﺪ وﺟﺪ ان اﻟﺘﺮآﻴﺐ اﻟﻤﻌﺪﻧﻰ ﻳﻠﻌﺐ دورَا آﺒﻴﺮَا ﻓﻰ ﺗﺤﺪﻳﺪ إﻧﺘﻔﺎخ  (.3)و( 2)ﻣﻘﺎرﻧﺔ ﺑﺎﻟﺘﺮﺑﺔ 
واﻟﺘﻲ ﻳﺴﻴﻄﺮ ﻋﻠﻴﻬﻤﺎ اﻟﻤﻨﺘﻮﻣﻮﻧﻮﻻﻳﺖ ﻗﺪ اﻋﻄﺖ ﻧﺴﺒﺔ اﻧﺘﻔﺎخ ﻗﻠﻴﻠﺔ ( 2)واﻟﺘﺮﺑﺔ ( 1) اﻟﺘﺮﺑﺔ .اﻟﺘﺮﺑﺔ
ﻰ ﻣﺴﺎو ﻋﻨﺪ  ﻣﺤﺘﻮى ﻣﺎﺋ وﺑﻤﻘﺎرﻧﺔ اﻧﺘﻔﺎخ اﻟﻌﻴﻨﺎت اﻟﺜﻼث.ﻋﻨﺪ  ﻣﺤﺘﻮى ﻣﺎﺋﻰ ﻣﺴﺎو ﻟﺤﺪ اﻟﻠﺪوﻧﺔ 
ذات ﺧﻠﻴﻂ  ﻣﻦ اﻟﻤﻌﺎدن ﻗﺪ اﻋﻄﺖ اﻋﻠﻰ ﻧﺴﺒﺔ اﻧﺘﻔﺎخ ﻣﻘﺎرﻧﺔ (  3)ﻟﺤﺪ اﻟﻠﺪوﻧﺔ وﺟﺪ ان  اﻟﺘﺮﺑﺔ 
  (.2)و ( 1)ﺑﺎﻟﻌﻴﻨﺘﻴﻦ 
   
آﺬﻟﻚ اﻹﻧﺘﻔﺎخ ﻳﻘﻞ ﺑﺰﻳﺎدة . اﻹﻧﺘﻔﺎخ ﻳﺰﻳﺪ ﺑﺰﻳﺎدة اﻟﻜﺜﺎﻓﺔ اﻟﺠﺎﻓﺔ وﻳﻘﻞ ﺑﺰﻳﺎدة اﻟﻤﺤﺘﻮى اﻟﺮﻃﻮﺑﻰ
واﻟﻤﻌﺎﻣﻞ ( iF)ﻋﻼﻗﺔ ﺟﻴﺪة ﺑﻴﻦ اﻟﻤﻌﺎﻣﻞ ﻣﺆﺷﺮ اﻟﺴﻴﻮﻟﺔ ﻟﻠﻌﻴﻨﺎت ﻋﻨﺪ ﻧﻔﺲ اﻟﻜﺜﺎﻓﺔ اﻟﺠﺎﻓﺔ وهﻨﺎﻟﻚ 
  .واﻻﻧﺘﻔﺎخ ﻟﺠﻤﻴﻊ ﻋﻴﻨﺎت اﻟﺘﺮﺑﺔ( 1- I.L)×γd
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Chapter 1 
Introduction 
 
1.1 Introduction 
Expansive soils are found in many parts of the world, particularly in semi-arid 
regions. They are generally unsaturated and contain clay minerals that exhibit 
high volume change upon wetting. If the soil is confined and wetted, it will 
apply considerable swelling pressure against structures resulting in serious 
damage to buildings. Lightly loaded structures, such as roadways, airport, 
runways or small buildings built on expansive soil are often subjected to 
serious cracking and distress. 
 
Jones and Holtz (1973) pointed out that the damages due to swelling soils in 
USA are more than twice as much the combined damages from natural 
disasters such as floods, hurricanes, earthquakes and tornadoes. Therefore, the 
problems related to expansive soils have attracted wide attention throughout 
the world.  
 
Numerous methods have been proposed to predict the swelling potential in 
different parts of the world and have been used in those specific regions. 
These methods generally involve the use of the one-dimensional 
consolidation apparatus (i.e., oedometer). 
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 1.2 Objectives of the study 
The primary objectives of this research study are the following:- 
• Study the engineering, mineralogical properties of selected potentially 
expansive clay soils, from different parts of the clay plain (Southern, 
eastern and central). 
• Study and understand the effects of physiochemical properties, 
moisture content and dry density on their swelling potential.  
 
1.3 Methodology 
The literature on expansive soils and laboratory test of swelling potential 
was reviewed. Sources include books, journals, conference proceedings and 
online materials from the Web. It is from the literature review that the 
conceptual and methodological background of the entire research was 
established. The methodology is based on laboratory evaluation of soil 
samples obtained from three locations within the clay plains of Sudan, i.e., 
central, eastern and southern Sudan. The scope of this study is mainly 
limited to one-dimensional swelling under various testing conditions. 
 
1.4 Thesis Organization 
The thesis is divided into five chapters. In the First Chapter “Introduction” 
the objectives of the thesis are given and the methodology required to 
accomplish the objectives is briefly outlined. 
 
 The Second Chapter “Literature Review” provides a summary of the 
research which has been conducted on laboratory swelling measurements 
and the theoretical simulation of swell testing methods. The available 
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information is used as basis for further experimental developments in this 
research. 
 
The Third Chapter “Laboratory Program and Test Results” outlines in detail 
the experimental program for achieving the designated objectives. The soil 
used in the test program, the laboratory equipment used in preparing and 
testing the specimens and the test procedures which were run are outlined 
and the result of the swelling tests are given. 
 
The Fourth Chapter “Discussion and analysis of results” provides the 
interpretation of the data presented in the Third chapter. The results of the 
data analysis are discussed in detail. 
  
The Fifth Chapter, “Conclusions and Recommendations”, summarizes the 
findings of this research program and provides recommendations regarding 
the direction for future work in this area of research. 
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Chapter 2 
Literature review 
 
2.1   Introduction:- 
Expansive soil is a term generally applied to any soil or rock material that has a 
potential for shrinking or swelling under changing moisture conditions .The 
term expansive soil will generally be used in a universal sense to refer to soils 
that both shrink and swell on drying and wetting (Nelson 1992). 
 
Expansive clays are confined to semi - arid regions of the tropical and 
temperature climate zones. Naturally occurring expansive soils are found to 
exist in saturated state. Seasonal rainfall especially in areas where 
evapotranspiration exceeds precipitation, fluctuations of the ground water table 
leakage of sewers and water supply systems are all contributing to the problem 
associated with expansive clays (El turabi, 1985). 
 
Expansive soils prevail over large areas of Sudan and have caused significant 
damages to irrigation systems, water lines, sewer lines and other structures 
located on these soils. Damages caused by expansive soils before 1984 
exceeded six million USD (Osman, 1984). 
 
Despite the fact that billons of dollars in yearly damage losses have been 
attributed to these problem soils, the state of practice in design and 
construction is severely limited by continued lack of understanding of 
expansive soil behavior and soil-structure  interaction (Nelson 1992). 
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2.2 Identification of Expansive Soils 
Identification of potentially swelling or shrinking soils is important tool for 
selection of appropriate foundation (Hamilton, 1977). Despite the lack of 
standard definition of swell potential (Nelson and Miller, 1992), there exist 
various geotechnical techniques to identify the swelling potential of soils. 
Surface examination, geological and geomorphologic description can give 
indicators of expansive soils. The morphological description includes a list of 
many things such as ground water table level, color of the soil, soil groups etc. 
 
Most of the relevant physical and mechanical properties to give indicators of 
swell potential are obtained by performing geotechnical index property tests 
such as Atterberg Limits and grain size analysis. Other tests (direct tests) to 
determine the swell potential include volume change tests (free swell and 
swell in the oedometer tests). The direct methods consist essentially of 
laboratory swelling tests while indirect methods are based on the correlation 
of certain physicochemical properties and mineralogical composition of the 
soils with swelling or shrinkage parameter. Empirically correlating soil 
parameters and placement conditions to its expansiveness is indirect method 
while tests like oedometer swell tests are direct methods. 
 
2.3 Swelling Potential 
2.3.1 Definition of Swelling Potential 
The swelling potential of a soil is a measure of its ability to swell. Many 
research workers have used different techniques to define swelling potential 
of a soil. Seed et al. (1962) defined swelling potential as the percentage of 
swell of a laterally confined specimen after soaking in water under a 
confining pressure of 7kPa (i.e., 1psi), after being compacted to maximum 
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density at optimum water content usually the standard AASHTO compaction 
test. However, in most cases, the two components of the swelling potential; 
namely percent swell and swelling pressure are used to estimate the swelling 
potential of a soil. 
 
2.3.2 Prediction and Measurement of Swelling Potential 
2.3.2.1 Indirect Prediction of Potential Swell 
2.3.2.1.1 Swell Potential Based on Plasticity  
The use of Atterberg Limits to predict the potential swell is presented in Table 
2.1. A soil sample with liquid limit exceeding 70% and plasticity index greater 
than 35% is judged to have very high potential for swelling. 
 
Table 2.1: Measurement of Potential Swell based on Plasticity (Holtz and 
Gibbs, 1956) 
Classification of 
potential swell 
Liquid limit 
(LL),% 
Plasticity index 
(PI), % 
Shrinkage limit 
(SL), % 
Low 20-35 <18 >15 
Medium 35-50 15-28 10-15 
High 50-70 25-41 7-12 
Very high >70 >35 <11 
 
Altmeyer (1955) suggested the use of shrinkage limit and linear shrinkage as 
shown in Table 2.2. 
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Table 2.2: Expansive soil Measurement based on shrinkage limit or linear 
shrinkage 
Linear Shrinkage Shrinkage Limit Probable Swell % Degree of Expansion 
<5 >12 <0.5 Non critical 
5-8 10-12 0.5-1.5 Marginal 
>8 <10 >1.5 Critical 
 
 
2.3.2.1.2 Swell Potential Based on Physical Properties of Soils 
Seed, et al, 1960 in United States of America, USA (Figure 2.1), van der 
Merwe, 1964 in South Africa (Figure 2.2) and Skempton, 1953 in United 
Kingdom (Figure 2.3) established useful empirical relationships between 
expansion potential and physical properties of soils such as plasticity index ,  
colloid content (clay contents) and soil suction. A preliminary classification 
based on percentage clay fraction (soil particles less than 0.002 mm or 2µm) 
and plasticity index can be used to categorize probable severity. 
 
Activity in Figure 2.3 is taken as the dimensionless ratio of plasticity index to 
colloids contents, both taken in percent thus; 
Activity (Ac) =                                                                                           (2.1) 
(2.1) 
 
 According to Skempton soils with Ac less than 0.75 are inactive. Those with 
activity between 0.75 and 1.0 are active, and above 1.5 are very active. 
PI %
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Figure 2.3:  Soil classification chart based on Activity (Skempton, 1953) 
 
Another way of identifying expansive soils is to use the activity method 
quoted by Bentley, 1991. The proposed classification chart is shown in Figure 
2.4. The activity term in the Figure is defined as follows: 
 
         
5−= C
PIAc                                                         (2.2) 
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Figure 2.4: Classification chart for compacted clays based on activity and 
percent clay (Seed. et al, 1962) 
 
2.3.2.2 Direct Measurement of Potential Swell 
The one-dimensional consolidation apparatus (i.e., oedometer) has become 
widely used for testing swelling soils. Holtz and Gibbs (1956), Jennings and 
Knight (1957) and Lambe and Whitman (1979) were among the first to report 
the use of oedometer tests for predicting heave in swelling soils. The 
commonly used oedometer test procedures can be subdivided into two 
categories; namely, swell under constant load (constant load oedometer test) 
and swell under constant volume (constant volume oedometer test). The latter 
is mainly used for measurement of the swelling pressure. 
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 2.3.2.2.1 Percentage Swell Tests 
The test is carried out on a soil sample extracted or prepared in the oedometer 
ring at measured moisture content and dry density. The sample is subjected to 
known pressure (load) and inundated in the oedometer apparatus. The 
relationship between swelling and time can be found. A purpose of this test is 
to determine the expansion index, which is then used to classify a soil as 
having very low, low, medium, high, or very high expansion potential. 
 
Figure 2.5 and Figure 2.6, show the significant swell beyond the 24-hour time 
period. A more consistent approach is to calculate the expansion index (EI) 
based on the end of the primary swell, defined as (Day 2001): 
           EI =          100 (hp –hi)                                      (2.3) 
                                    hi 
 Where hp = height of the specimen at the end of primary swell and hi = initial 
height of the specimen. 
 
The data in Figure 2.7 indicate three separate phases of swelling of clay, as 
follows: 
1- Primary Swells: The first phase of swelling of the clay was primary 
swell. The primary swell occurs from time equals 0 to about 100 min. 
The end of primary swell was estimated from log-of-time method 
which, as previously mentioned, can also be applied to the swelling of 
clays. 
2- Secondary Swell: The second phase of swelling was secondary swell. 
The secondary swell occurs from a time of about 100 to 20,000 min. 
Figure 2.7 shows that during secondary swell, the hydraulic 
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conductivity continues to decrease as clay continues to swell and the 
microcracks close up. 
3- Steady State: The third phase started when the clay stopped swelling. 
This occurred about 20,000 min. No swell was recorded from a time of 
20,000 to the end of the test. 
 
Figure 2.5: Swell versus time for an expansion index test (Day, 2001). 
 
Figure 2.6: Swell versus time for an expansion index test (Day, 2001). 
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Figure 2.7: Percent swell and hydraulic conductivity versus time (Day, 2001). 
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2.3.2.2.2:- Constant Load Oedometer Test 
The testing procedure belonging to this category keeps constant applied load 
during the test.  
 
2.3.2.2.2.1 Free Swell Oedometer Test Method (ASTM D 4546-95)  
In the free swell oedometer test, the soil specimen is brought into contact with 
water and allowed to swell freely with a token load applied. Then the soil is 
gradually consolidated back to its original volume. The swelling pressure is 
defined as the stress necessary to consolidate the specimen back to its original 
volume (Hardy, 1965; Sridharan, et al, 1986). A modified   form of the free 
swell method is described in ASTM D 4546. The method was first proposed 
by Jennings et al. (1957) as the simple oedometer test. In this testing 
procedure, the specimen is first loaded under the in situ vertical over burden 
pressure and then unloaded to the token load and inundated. When swelling 
has ceased, the specimen is gradually consolidated back to its original volume. 
The stress necessary to consolidate the specimen back to the void ratio 
corresponding to the situation   before inundation is defined as the swelling 
pressure.  
 
Another modified free swell method is described in ASTM D 4546 as method 
B. In this testing procedure, the specimen is subjected to a vertical pressure 
exceeding the token load and then saturated. The magnitude of the vertical 
pressure is usually equivalent to the in situ vertical overburden pressure or the 
structural loading, or bath. After swell has occurred the specimen is loaded in 
increments until its initial void ratio or height is obtained. The load required to 
bring the sample both to its initial void ratio is swelling pressure.  
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Another procedure similar to the free swell method is the swell consolidation 
test procedure. This procedure is used extensively in the rocky mountain 
regions in United States to determine the in situ swell potential (Chen, 1975; 
Porter and Nelson, 1980; Kumar, 1984). In this case, the specimens are 
subjected to a vertical stress generally in the range from 25 Kpa to 100 Kpa. 
The applied stresses are dependent upon the anticipated field conditions. After 
about 24 hours, distilled water is added to the specimen. When swelling has 
ceased, the applied load is increased in increments until the specimen has been 
compressed to its original height. The stress required to compress the 
specimen to its original height is termed the swelling pressure. 
  
There have been a number of controversies regarding the results of free swell 
oedometer tests. The most serious criticism of this method is that it does not 
represent the normal sequence of loadings experienced by the soil in the field. 
The soil in the field will not absorb water and swell with the structural loads 
applied later, but rather vice versa (Brackley, 1975, Justo et al, 1984, EL 
Sayed and Rubbaa, 1986). This method has another limitation in that it 
involves both a volume increase and decrease, and therefore incorporates 
hysteresis into the estimation of the in situ stress state (i.e., swelling pressure). 
However, the advantage of this procedure is that it somewhat compensates for 
the effects of sampling disturbance.  
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2.3.2.2.2.2 Double Oedometer test Method (Jennings and Knight, 1957)  
The double oedometer test procedure was first described by Jennings and 
Knight (1957), primarily for use in the study of collapsible soils. It has now 
become widely accepted for testing swelling soil and has been modified over 
the years. The most recent testing procedure was described by Jennings et al 
in 1957. 
 
In the double oedometer test, two specimens are tested with one test following 
the free swell test procedure; the second test is conducted on a soil specimen 
tested at natural water content. The specimens are initially subjected to a 
token load of 1kPa. No water is added to the oedometer cell during the test.  
   
The data from both tests can be plotted on conventional, two-dimensional, 
void ratio versus log applied pressure plot. The (natural water content) 
oedometer test data must be adjusted vertically to match the free swell test 
results at high applied loads. The vertical difference between the two curves 
gives the total heave to be expected on inundation. 
 
The double oedometer method suffers from the same limitation as the free 
swell method. The basic assumption for the double oedometer method is that 
swell is independent of stress path. Burland (1975), Brackley (1975) and Justo 
et al. (1984) stated that this is not so and recommended that double oedometer 
tests should be carried out following the anticipated stress path. Justo and 
Saetersdal (1981) found that the double oedometer test over-estimates 
measured in situ heave. Fredlund et al. (1980) suggested that the predicated 
swelling pressure using double oedometer test is generally satisfactory since 
the method compensates for the effects of sampling disturbance. 
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2.3.2.2.2.3 Loaded Swell Oedometer Test Method 
In the loaded swell oedometer test, a number of (identical) specimens are 
subjected to different initial applied loads and allowed to swell freely. The 
resulting final volume changes are then plotted against the corresponding 
applied load or stresses. The stress corresponding to zero volume change is 
termed the swelling pressure (Skempton, 1961, Gizienski and lee, 1965, 
Nobel, 1966, Matyas, 1969).The stress path followed is shown in Fig 2.8. 
 
In China, a modification of the (loaded free swell) test method is widely used 
in practice to obtain reference information for swelling soils. In this 
procedure, several specimens are prepared and subjected to different initial 
applied loads and then saturated (Shuai, 1996). The swell ratio, SR for each 
load is then calculated as follows: 
 
               S.R =               H1 –H0                                                                                      (2.4)               
                                           H0  
               Where:- 
                H1= Specimen height after swelling. 
                H0= Initial specimen height. 
A series of (Loaded swell) tests were performed by Gilchrist (1963) and 
Noble (1966) on Regina clay. Results showed that there is a linear relationship 
between swell and the logarithm of load for Regina clay for fixed initial water 
content and void ratio. It was suggested that it is possible to extrapolate the 
swell versus log arithmetic applied load curves to a point of zero volume 
change to obtain values of the swelling pressure for different conditions of 
initial void ratio: the same results were also found by Yeving and Zaslavsky 
(1970) and Brackley (1975) for Onderstepoort  soil. 
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The loaded swell method has an important advantage over other methods in 
that the loading-wetting procedure in this method follows the same sequence 
as in the field. In other words, the loads are first applied to the soil as it 
undergoes compression as a result of these loads. Then the soil comes into 
contact with water and swells. The loaded swell method is frequently used as 
a result of its similarity of typical in situ stress paths (Brackley, 1975;   El 
Sayed and Rubbaa, 1986).  
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Figure 2.8: Stress path followed in the Loaded Swell test (Shuai.1996). 
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2.3.2.2.3 Constant Volume Oedometer Test 
Test procedures belonging to this category allow the applied load to change 
during the tests.  
 
2.3.2.2.3.1 Constant Volume Oedometer Test Method (ASTM D4546-95) 
In the constant volume test procedure, a specimen is subjected to a token load 
and immersed in water. The specimen volume is maintained constant 
throughout the first part of the test by varying the load applied to the 
specimen, as required. This procedure is continued until there is no further 
tendency for swelling. The applied load at this point is refereed to as the 
"uncorrected" swelling pressure. The soil specimen is then further loaded and 
unloaded following the conventional oedometer test procedure. The test 
results are commonly plotted as shown in Fig 2.9.  
 
The apparatus used by Plait (1953) consisted of a cell 76.2 mm (3 inches) 
diameter and 101.6 mm (4inch) height containing the soil specimen. Swelling 
of the soil was prevented using a piston and proving ring connected to the 
frame while the pressure was measured continuously. Seed. et al (1962) used a 
similar apparatus, except that a proving bar replaced the proving ring. Proving 
rings or bars have the advantage that required vertical load at a constant 
volume. However, the measurement of swelling pressure using a proving ring 
necessitates some deformation of the ring resulting in an equal amount of 
swelling in the soil which will cause the measured swelling pressure to 
decrease. Seed et al. (1962) have illustrated this effect by measuring the 
swelling pressure of (identical) specimens using proving ring of different 
stiffness. The swelling pressure measured using the stiffest measuring system 
yielded the highest swelling pressure. 
 21
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       
 
 
 
 
 
 
 Figure 2.9: Conventional "constant volume" data plot (Fredlund.1980). 
 
 22
The constant volume method has been recommended by many research 
workers (Calabresi 1987; Iyer, 1987 and ASTM D4546-95) due to the 
advantage that it does not involve volume change and dose not incorporate 
hysteresis into the estimation of the in situ stress state (i.e., swelling 
pressure).However, the constant volume method suffers from a serious 
limitation that the sampling disturbance has not been taken into account.  
In order to eliminate this limitation, an empirical procedure to compensate for 
the effect of sampling disturbance was proposed by Fredlund et al. (1980).  
 
2.4 Comparison of Various Methods 
The test methods discussed above have become widely accepted for testing 
swelling soils. However, the predicted swelling potential will differ 
significantly depending on the procedure used (Brackley, 1975, Ali and EL 
turabi, 1984, Sridharan et al, 1986).  
 
Careful studies on the one- dimensional swelling behavior of compacted 
Regina clay by Gilchrist (1963) revealed that the swelling pressures obtained 
when using the constant volume method and the loaded swell method are less 
than those obtained from the free swelling method Fig 2.10. The difference 
between the swelling pressure values determined by means of the free swell 
method and the constant volume method increases with a decrease in initial 
void ratio Fig 2.10. Interparticle resistance has been suggested as reason for 
this difference, with the conclusion that swelling pressure cannot be 
determined from the results of a free swell test.  
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Figure 2.10: The relationship of void ratio and swelling pressure determined 
by three methods for compacted Regina clay (from Gilchrist, 1963). 
 
  In order to compare the swelling pressure values obtained from different 
methods, a testing program was conducted by Ali and El turabi (1984). In this 
program, both undisturbed and compacted specimens were used. The 
undisturbed specimens were from the south west of Sudan and the compacted 
specimens were from the central Sudan area. Identical specimens were 
subjected to the two testing procedures; namely the free swell oedometer test 
and the constant volume oedometer test. The results obtained indicated that 
the free swell method usually gave higher swelling pressure values than those 
obtained from the constant volume method Fig 2.11. However, no 
interpretation was postulated regarding the difference. 
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Figure 2.11: Plot of the two testing methods (from Ali and Elturabi, 1984). 
 
Over-estimating in situ heave by the oedometer tests was also reported by 
Elsharief (1987) at two sites in Sudan (Wad Medani and Fao). In this case the 
observations included measured movements with respect to depth after long 
period of flooding. The oedometer swell tests (i.e. Free swell tests and loaded 
swell tests) were found to over-estimate in situ heave Fig 2.12. Also, the field 
water content was found to be lower than the final oedometric water content. 
For this reason, the oedometer swelling tests under controlled water content 
condition were performed. The water content of the specimen was controlled 
by adding a desired amount of water to the specimen using two filter paper 
strings attached to the top and bottom of specimen. The final water content of 
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the specimen was similar to that of the represented soil layer in the field after 
flooding. 
The test results were found to give good agreement with the actual swelling 
Fig 2.12. 
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Figure 2.12: Comparison of measured and predicted swell (from Elsharief, 
1987).          
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Chapter three 
Laboratory Program and Test Results 
 
3.1 Introduction 
The behavior of expansive soils can be understood through laboratory 
testing. The main purpose of the proposed laboratory program revolves in   
two objectives. The primary one is to determine the soils properties and 
characteristics which influence the swelling potential of an expansive soil 
during oedometer testing. Another objective is to determine the influence 
of placement conditions, i.e., dry density and moisture content on swelling. 
The research program consists of three distinct stages which are: 
1- The selection and preparation of the selected soils for testing.  
2- The measurement of swelling potential at different placement 
conditions (moisture content and dry density). 
3- The evaluation of the soil properties that influence swelling potential. 
 
All the tests were performed in the laboratories of Building and Road 
Research Institute, University of Khartoum. 
 
3.2 The Tested Soils 
The first stage of the laboratory testing program involved the selection and 
preparation of suitable soils for testing. An appropriate soil must be 
selected in order to study the swelling potential. The selection of soil was 
directed towards obtaining good test results. The criteria used in selecting 
soil for the test program were as follows: 
1- The soil should have high to very high swelling potential. 
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2- The soils were selected from different regions in Sudan, namely Eastern 
Sudan, Central Sudan and Southern Sudan.  
  
In view of the above, soil samples were obtained from Fao in eastern 
Sudan Soil (1), Wadelsayh from central clay plains Soil (2) and Tharjath in 
the southern clay plains Soil (3).  
 
3.3 The Testing Program 
The objective of the test program is to study the effect of dry density and 
moisture content on the primary swelling of expansive soils from eastern, 
central and southern clay plains of Sudan. The test program was 
constituted of the following:- 
• Basic classification tests. 
• Mineralogical examination of the tested samples. 
• Proctor compaction and Swelling tests. 
 
3.3.1 Classification Tests 
The soils were tested for their index properties (Atterberg limits, grain size 
analysis, clay content and specific gravity). The Unified Soil Classification 
System (USCS) places the soils in the class of inorganic clay of high 
plasticity (CH). The index properties of the soils are presented in Table 
3.1. The particle size distribution curve for the original soils is shown in 
(Fig 3.1). 
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  Table 3.1: Index properties of testing soils 
Soil location Fao 
Soil(1) 
Wadelsayh 
Soil(2) 
Tharjath 
Soil(3) 
Specific gravity 2.7 2.8 2.75 
Atterberg limit:- 
Liquid limit L.L 
Plastic limit P.L 
Plasticity index P.I 
 
65% 
30% 
35% 
 
56% 
26% 
30% 
 
50% 
19% 
31% 
Grain size distribution:- 
Gravels 
Sand    
Silt 
Clay 
 
2% 
10% 
40% 
48% 
 
2% 
16% 
53% 
29% 
 
3% 
24% 
35% 
39% 
Unified Soil Classification 
System 
Inorganic clays of high plasticity 
CH 
Linear Shrinkage 
Shrinkage limit 
18% 
8% 
14% 
10% 
13% 
11% 
Standard proctor  
compaction:- 
Optimum moisture content
Maximum dry density 
 
 
20% 
1.59 g/cm3 
 
 
17% 
1.56 g/cm3 
 
 
21% 
1.58 g/cm3 
Activity 0.73 1.03 0.79 
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Figure 3.1: Particle size distribution for the soils used in the testing 
program. 
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3.3.2 Mineralogical Examination 
The mineralogical characteristic of the soils were examined by X-ray 
diffraction (XRD). The test was carried out at Central Petroleum 
Laboratories in Khartoum using advanced X-ray diffraction apparatus. The 
results are shown in Fig 3.2, Fig 3.3 and Fig 3.4 for Soil (1), Soil (2) and 
Soil (3) respectively. A semi-quantitative analysis using High Score S’pert 
data software has shown that the clay of Soil (1) contains 93% smectite 
and 7% kaolinite; sample from Soil (2) contains 84% smectite and 16% 
kaolinite while Soil (3) contains 44% illite, 40% smectite and 16% 
kaolinite.    
 
 
  Figure 3.2: X-ray diffraction analysis for soil (1). 
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Figure 3.3: X-ray diffraction analysis for soil (2). 
 
Figure 3.4: X-ray diffraction analysis for soil (3). 
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3.3.3 Compaction Test 
Ordinary proctor compaction test was carried out on the three samples in 
order to obtain their moisture-density relationship, i.e. their optimum 
moisture content and maximum dry densities. The compaction tests were 
carried out according to British standard BS 1377-1990. The test results 
are shown in Table 3.1 and Figure 3.5 for the three soils. 
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Figure 3.5: Moisture –density relationship for the three samples. 
 
3.3.4 Percentage Swelling Test 
3.3.4.1 Specimen Preparation 
The tested samples were initially air-dried, broken down to smalls sizes 
pulverized and passed through No.4 sieve (4.75mm). The material passing 
through No.4 sieve was mixed with distilled water to attain the desired 
moisture content. 
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Each of the three samples was prepared at three dry densities (1.4 g/cm3, 
1.56 g/cm3 and 1.7 g/cm3) .i.e., lower than maximum dry density, at or 
close to the maximum dry density and higher than the maximum dry 
density. Moisture content was varied from 13% to 35% in seven steps for 
each dry density level. A total of twenty one samples were prepared and 
tested for each sample. 
     
3.3.4.2 Test Procedure 
The oedometer test was performed to determine the percentage swell for 
48 hours of inundation or saturation for each sample prepared at three level 
of dry density and seven level of moisture content. The specimen used had 
diameter of 62mm and thickness of 19mm. The soil was statically 
compacted into the test ring in three layers, each layer compressed at 
6.7mm thickness .The compacted specimen in the ring was installed into 
the oedometer cell. The dial gauge was set and the initial reading was 
taken. Then water was added to the oedometer cell and a stop watch was 
started. Dial gauge readings were recorded at every 30 minuets intervals up 
to 6 hours, at 24 hours and at 48 hours. The test was stopped and the 
specimen was then removed and placed in the oven. It’s dry weight was 
measured. 
3.3.4.3 Test Results 
The test results for the three samples are shown in Figures from 3.6 to 3.14 
in the form of swell percent – time relationship for a sample prepared at 
specified density and different moisture contents for the three soils. 
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Figure 3.6: Swelling vs time for unloaded Soil (1) prepared at dry density of 
1.4 g/cm3 and different moisture contents. 
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Figure 3.7: Swelling vs time for unloaded Soil (1) prepared at dry density of 
1.56 g/cm3 and different moisture contents. 
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Figure 3.8: Swelling vs time for unloaded Soil (1) prepared at dry density of 
1.7 g/cm3 and different moisture contents. 
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Figure 3.9: Swelling vs time for unloaded Soil (2) prepared at dry density of 
1.4 g/cm3 and different moisture contents. 
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Figure 3.10: Swelling vs time for unloaded soil (2) prepared at dry density of 
1.56 g/cm3 and different moisture contents. 
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Figure 3.11: Swelling vs time for unloaded soil (2) prepared at dry density of 
1.7 g/cm3 and different moisture contents. 
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Figure 3.12: Swelling vs time for unloaded soil (3) prepared at dry density of 
1.4 g/cm3 and different moisture contents. 
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Figure 3.13: Swelling vs time for unloaded soil (3) prepared at dry density of 
1.56 g/cm3 and different moisture contents. 
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Figure 3.14: Swelling vs time for unloaded soil (3) prepared at dry density of 
1.7 g/cm3 and different moisture contents. 
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Chapter 4 
Discussion and Analysis of Results 
 
4.1 Introduction 
This Chapter analyses the results of the laboratory tests presented in Chapter 
(3) to come out with the factors that could affect swelling potential of the 
tested soils. 
 
 The physical  and engineering properties; Atterberg limits, maximum dry 
density, optimum moisture content, specific gravity, particle size distribution, 
linear shrinkage and shrinkage limit have been summarized in Chapter (3). 
The X-ray diffraction analyses for the three soils have also been presented in 
Chapter (3). The percent swell test results were given in graphical format in 
Chapter (3) too. 
 
4.2 General Classification of the Tested soils 
Atterberg’s limits and particle size distribution results indicate that all the 
tested soils are classified as silty clay of high plasticity (CH) according to the 
Unified Soil Classification System (USCS). Soil (1) from Fao contains 48 % 
of clay fraction; Soil (2) from Wadelsayh contains only 29 % of clay fraction 
while Soil (3) from Tharjath contains 39 % of clay fraction. The fines content 
is about the same for Soil (1) and Soil (3) and a little less for Soil (2). Liquid 
limit and plasticity index are higher for Soil (1), while there is no significant 
difference in plasticity index between Soil (2) and Soil (3). 
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4.3 Classification Based on Swelling Potential 
Some researchers (Seed, et al, 1960. and van der Merwe D.H, 1969) 
established relationships between expansion potential and physical properties 
of soils. Figure 4.1 after Seed et al, show that Soil (1) has very high swelling 
potential, while Soil (2) and Soil (3) have high swelling potential. The same 
applies for the classification given by van der Merwe (Figure 4.2). The two 
well known classification methods rated soils as having very high to high 
potential for swelling.    
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Figure 4.1: Chart for evaluation of potential expansiveness (Seed, et al, 1960). 
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 Figure 4.2: Potential severity of volume change for clay soils (van der 
Merwe, 1964). 
 
4.4 Discussion of Swelling Test Results 
4.4.1: Discussion of Percentage Swelling Results 
As mentioned in Chapter (3) the tests were carried out on samples passing No. 
4 sieve. Twenty one specimens with moisture contents (13%, 16%, 19%, 23%, 
27%, 31% and 35%) and different dry densities (1.7, 1.56 and 1.4 g/cm3) were 
prepared and tested for each soil. All specimens for the three soils were 
prepared at identical conditions. 
 
The results of the swelling tests were shown for specimens from the three sites 
prepared at the same moisture content and different dry densities in normal 
scale in Figures from 4.3 to 4.9. The Figures read with Figure 3.6 to 3.14 
show the following:- 
 
- Soil (1) 
2- Soil (2) 
3- Soil (3) 
1 
3 
2 
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• Swelling increases with increase in dry density and decreases with 
increase in initial moisture content for the three soils. 
• Soil (1) measured higher percentage swell for the same placement 
condition ( moisture content and dry density ) compared to the other 
two soils; Soil (3) comes next while Soil (2) measured the lowest 
percentage swell. 
• Referring to Table 3.1 Soil (2) and Soil (3) have almost the same 
plasticity index but Soil (2) has higher liquid limit compared to Soil (3). 
Initial assessment based on Atterbarg limits and fines content indicate 
higher swell potential for Soil (2) compared to Soil (3). However, the 
test results show Soil (3) to have higher potential for swelling compared 
to Soil (2). This could be attributed to the various other factors that 
could affect swelling such as percentage sand and silt contents, 
montmorillonite content within the clay fraction, percentage of other 
clay minerals and their amount etc. It is therefore clear that plasticity 
index and liquid limit alone are not sufficient for classifying the 
swelling potential of highly plastic clayey soils. 
• Rate of swelling increased sharply right after inundation and continued 
to increase with fast rate for the first six hours after which the rate of 
swelling showed noticeable decrease. This is clearly observed for the 
three soils except Soil (1) and Soil (3) samples that were prepared at 
high dry densities and relatively high moisture content (Figures 4.6 to 
4.9).  
• The Figures show that most of the swelling has taken place during the 
first 24 hours for almost all the tested samples. 
 43
• For moisture content greater than 30 % Soil (1) maintained some of its 
swelling potential at all density levels while Soil (2) and Soil (3) 
dissipated great part of their energy. Soil (2) and Soil (3) measured very 
low swelling at moisture content equal to 35 % for all density levels 
compared to Soil (1) (Figure 3.6 to 3.14). An exception is Soil (3) at 1.7 
g/cm 3 (Figure 4.9). 
• The plots on normal scale show three different stages in the rate of 
swelling dependent on the shape of curves. Initially the rate of swelling 
shows a straight line with sharp slope for drier and denser samples 
followed by a curve and then another straight line from 6 hours to 48 
hours. Exception is the samples with very low dry density (1.4 g/cm3) 
and very high moisture content (above 30 %). These samples showed 
two straight lines with absence of the intermediate curve. 
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Figure 4.3: Swelling vs time for unloaded samples prepared at 13% moisture 
content. 
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Figure 4.4: Swelling vs time for unloaded samples prepared at 16%   moisture 
content. 
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Figure 4.5: Swelling vs time for unloaded samples prepared at 19% moisture 
content. 
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Figure 4.6: Swelling vs time for unloaded samples prepared at 23% moisture 
content. 
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Figure 4.7: Swelling vs time for unloaded samples prepared at 27% moisture 
content. 
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Figure 4.8: Swelling vs time for unloaded samples prepared at 31%   moisture 
content. 
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Figure 4.9: Swelling vs time for unloaded samples prepared at 35% moisture 
content. 
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4.4.2 Analysis of Results Based on Placement Factors 
In this section analysis of swelling results is presented based on placement 
factors. Two placement factors will be evaluated namely, the liquidity index 
and the initial state factor Fi proposed by Zumrawi (2000). The mentioned 
factors are combination of easily measured soil parameters. 
 
4.4.2.1 Liquidity index 
The liquidity index (L.I) is used for scaling the natural water content of a soil 
sample to its Limits. It can be calculated as a ratio of difference between 
natural water content, plastic limit, and plasticity index: 
 
          L.I = (ω-PL)/PI                                                   (4.1) 
 
Where:  ω is the natural water content. 
 
The liquidity index is a measure of the desiccation characteristic of clay soils. 
Negative values indicate how far is the soil moisture from its plastic limit. 
However, the parameter incorporates the plasticity index. Figure 4.10 to 4.12 
show the percent swell versus liquidity index. It is shown that when liquidity 
index increases the swell percent decreases. 
 
It is interesting to notice that for the same liquidity index and dry density Soil 
(3) measured the highest value of percentage swell compared to the other two 
soils. It maintained the highest values of percent swell for zero liquidity index 
(Figure 4.10 to 4.12). The Figures show that Soil (3) which is mixed mineral 
sample maintained high swelling potential at moisture content equal to and 
greater than its plastic limit. 
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Figure 4.13 to 4.15 show the percent swell versus the liquidity index factor 
which is (1- LI) multiplied by the dry density for the three soils. A good 
relationship is found between swell percent and this factor. The term (1- L.I) 
is equivalent to ( )
IP
cmLL
.
.. − and the introduced factor therefore equals to 
( )
dryIP
cmLL γ×−
.
..  and includes some of the intrinsic and placement conditions 
of the tested soils. The percent swell versus liquidity factor is plotted for the 
three soils in Figure 4.16. 
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Figure 4.10: Swelling percent at (1.4 g/cm3) dry densities vs. liquidity index. 
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Figure 4.11: Swelling percent at (1.56 g/cm3) dry densities vs. liquidity index. 
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Figure 4.12: Swelling percent at (1.7 g/cm3) dry density vs liquidity index. 
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Figure 4.13: Swelling percent vs liquidity index factor for Soil (1). 
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Figure 4.14: Swelling percent vs liquidity index factor for Soil (2). 
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Figure 4.15: Swelling percent vs liquidity index factor for Soil (3). 
 
-0.5
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
6.5
7
7.5
8
8.5
9
9.5
10
10.5
11
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
(1-L.I)*Dry Density 
Sw
el
lin
g 
 %
Soil [1]1.4
Soil [1]1.56
Soil [1]1.7
Soil [2]1.4
Soil [2]1.56
Soil [2]1.7
Soil [3]1.4
Soil [3]1.56
Soil [3]1.7
 
Figure 4.16: Swelling percent vs liquidity index factor for the three soils. 
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4.4.2.2 The F Factor 
The initial state factor Fi of a compacted expansive soil is defined as a 
combination of the soil initial state parameter such as dry density, water 
content and void ratio (Zumrawi .2000) and can be expressed thus: 
            ( )eF w
d
i .
1
ωγ
γ ×=                                   (4.2)    
    γd = initial dry density of soil 
     γw =density of water 
     ω = initial water content  
      e = initial void ratio 
 
 
The void ratio depends on dry density according to the following equation: 
                 1−=
d
sGe γ                                                  (4.3)                              
Where: 
       sG  is the specific gravity of the soil. 
From equation (4.4) below swell percent (S) is directly proportional to the dry 
density and indirectly proportional to water content and void ratio: 
 
              ( )eS w
d
.
1
ωγ
γα ×                                                   (4.4) 
        
From (4.4) swell percent (S) is directly proportional to an initial state factor 
(Fi) as given below: 
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                S     α     Fi                                                          (4.5) 
This relationship can be assumed as linear relationship and expressed thus as: 
 
                S     =    a Fi + b                                                   (4.6) 
Where a and b are constants of the linear equation. 
The plots of swell percent versus initial state factor for the three soils are 
shown in Figure 4.17 to 4.19. 
 
A very good relationship is found between percentage swell and F factor for 
the three soils and for a certain soil the F factor could be used for the 
prediction of the percentage swell. 
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    Figure 4.17: Swelling vs. initial state factor for Soil (1). 
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Figure 4.18: Swelling vs. initial state factor for Soil (2). 
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Figure 4.19: Swelling vs. initial state factor for Soil (3). 
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4.5 Primary Swelling  
Figures 2.5 to 2.7 in Chapter (2) show that primary swell occurs when the 
shape of the percentage swell versus logarithm time changes or is about to 
flatten. To evaluate the primary swell the data is plotted in terms of percent 
swell versus logarithm time (e.g. Figure 4.20 as an example) and the curves 
are shown in Appendix (A). The curves plotted for different dry densities and 
moisture contents, Appendix (A), show the same shape. The curves show two 
peaks the first one occurred after 10 minutes from the start of the test after 
which the curve flattens and another peak occurred at about 360 minutes or 6 
hours.  
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Figure 4.20: Primary swelling vs moisture content at 13% moisture content for 
Soil (1). 
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Figure 4.21 to 4.23 show primary swell value as obtained from Appendix (A) 
versus moisture content for different dry densities. Primary swell was 
considered to occur at 360 minutes for all soils. It is clear that when moisture 
content increases the primary swell decreases.  From Figure 4.21 to Figure 
4.23 it is found that for the same dry density and moisture content Soil (1) 
measured the highest value of primary swell compared to the other two soils, 
Soil (3) comes next while Soil (2) measured the lowest primary swell. The 
relationship between the primary swell and moisture content is about linear 
for moisture content below optimum (up to about 19%) after which it showed 
some curvature.  
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Figure 4.21: Primary swelling vs moisture content at 1.4 g/cm3 for the three 
soils. 
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Figure 4.22: Primary swelling vs moisture content at 1.56 g/cm3 for the three 
soils. 
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Figure 4.23: Primary swelling vs moisture content at 1.7 g/cm3 for the three 
soils. 
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4.6 Conclusions 
From the analysis of the results above, it was shown that swell potential 
measured by percent swell is influenced by intrinsic soil properties and 
placement factors. The known classification methods rated Soil (1) as the one 
with the highest swelling potential, Soil (3) the second and Soil (2) is the 
third. This rating was far from the soils prepared at the same moisture content 
and dry density. 
 
However, at the same liquidity index Soil (3) showed the highest swelling and 
considerable amount of swelling was measured for this soil at its plastic limit 
(liquidity index is equal to zero). This could be due to the mixed mineralogy 
of Soil (3) as it contains considerable quantity of montimorillonite, illite and 
small quantity of kaolinite.         
 
An attempt was made to predict percent swell based on some placement 
factors and encouraging results are found.  
 
Also from results it was found that most of the swelling had taken place 
during the first 24 hours for all of the three soils. It is clear that the plasticity 
index and liquid limit alone are not sufficient for classifying the swelling 
potential of the tested soils.  
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Chapter 5 
Conclusions and Recommendations 
 
5.1 Conclusions 
One of the main objectives of this research is to relate basic physical and 
engineering properties of expansive soils, with special reference to some local 
expansive soils to their swelling potential. These properties help to identify 
and classify expansive soils and their degree of expansion to give the first 
warning to the practicing engineer of the possible damages that can be caused 
by them. These indicative properties include the liquid limit, plasticity index 
and placement factors such as moisture content and dry density. Tests were 
carried out on soils taken from different expansive soil areas in Sudan, namely 
Soil (1) from Fao (Eastern Sudan), Soil (2) from Wadelsayh (Central Sudan) 
and Soil (3) from Tharjath (Southern Sudan). 
 
The study of the swelling behavior of expansive clay soils was performed in 
the standard oedometer equipment to measure the percentage swell at different 
moisture contents and dry densities. All the experiments were performed on 
identical soil samples carefully prepared to eliminate errors caused by 
different sampling condition. Samples of expansive soil were prepared at a 
wide range of moisture content and different dry densities in the conventional 
oedometer cell and swell percent was measured at three different dry densities 
(1.40, 1.56 and 1.70 g/cm3) and seven different moisture contents (13%, 16%, 
19%, 23%, 27%, 31%, 35%). The experimental results obtained indicated that 
swell percent is much influenced by moisture content and dry density. 
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Analysis of experimental results demonstrated very clearly that both intrinsic 
soil properties and placement factors control swelling behavior of the tested 
soils.  Accordingly, very important findings emerged from this study which 
can be summarized in the following:- 
• It has been demonstrated that the swelling behavior of expansive soil 
tested over a wide range of water content and different dry densities is 
very sensitive to placement condition, i.e. initial moisture content and 
dry density.  
• The swell percent versus logarithm of time curve show two peaks one 
right after inundation and another one after 6 hours of inundation.  
• Most of the swelling had taken place during the first 24 hours for all of 
the three soils. 
• A good relationship was obtained between percent swell and the 
liquidity index. It was found that when liquidity index increases the 
percent swell decreases. However, Soil (3) with mixed mineralogy 
exhibited high value of swelling at the same liquidity index compared 
to the other two soils. The well known concept that swelling is minimal 
at moisture content equal to or greater than plastic limit is not always 
true. 
• A liquidity placement factor ( ) dryIP
cmLL γ×−
.
..  was introduced, this 
factor relates very well with percentage swell. 
• Primary swell was defined as swell percent at 360 minutes or six 
hours and was found to decrease with moisture content. 
• The initial state factor Fi suggested by (Zumrawi, 2000) related very 
well with percentage swell. 
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 5.2 Recommendations for Future Work 
The work presented in this thesis was concerned with the study of the factors 
controlling swelling potential of expansive soils. A lot of work is still needed 
in order to gain better understanding of swelling behavior of expansive soils. 
The following recommendations are made for further work:- 
1- Primary swelling under different seating loads. 
2- A study of the moisture characteristic curves of expansive soils and 
their relationship to percentage swelling. 
3- Improvement of the existing testing methods of swelling clays in order 
to simulate the actual field conditions. 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 62
References 
 
1. BS 1377 (1990), Soils for civil engineering purposes: part 2: 
classification tests. 
2. Brackley, I. J. A. (1975),"A model of unsaturated clay structure and its 
application to swell behavior", proc.6th. African Reg. conf. soil Mech. 
Found Eng., Vol.1, pp.65-70. 
3. Carter, M. and Bentley, S. P. (1991), Correlation of soil properties, 
Pentech press, London. 
4. Chen, F. H. (1975), Foundations on expansive soils, New York: 
Elsevier, pp280. 
5. Das, M, B. (1984), Principles of foundation engineering, Wadswcrth, 
Taiwan. 
6. Day, R. W. (1999), Geotechnical and foundation of engineering design 
and construction, McGraw – Hill, New York. 
7. Day, R. W. (2001), Soil Testing Manual, McGraw-Hill companies, 
New York. 
8. El sayed, S. T. and Rubbaa, S. A. (1986), "Factors affecting behavior 
of expansive soils in the laboratory and field – a review", geotechnical 
engineering, Vol.17, no.1, pp 89-107. 
9. El turabi, M. A. D. (1985), "A study on expansive clay soil in Sudan" 
thesis submitted for the degree of Msc civil engineering. Building and 
Road Research Institute, University of Khartoum.  
10. Fredlund, D. G., Hasan, J. U. and Filson, H. (1980), "The prediction 
of total heave", proc. 4th, int. conf .on Expansive Soils (Denver, 
Colorado), Vol.1, pp. 1-17. 
 63
11. Gilchrist, H. G. (1963), "A study of volume change of a highly plastic 
clay”, M.SC. Thesis Department of civil Engineering, University of 
Saskatchewan, Saskatoon, Canada.  pp 215. 
12. Gizienski, S. F. and lee, L. J. (1965), "Comparison of laboratory swell 
tests to small Scale Field tests” Proc. 1st Int. Conf, Expansive clay 
soils, Texas A & M press pp.108-119. 
13. Hardy, R. M. (1965), "Identification and performance of swelling soil 
types can. Geotech. J.Vol.2, no.2, pp.141-153. 
14. Hamilton, J.J. (1977), "Foundations on swelling or shrinking sub-
soils", Canadian Building Digest.CBD-184. 
15. Holtz, W.G. and Gibbs, H. J. (1956), "Engineering properties of 
expansive clays". Transactions American Society of civil Eng, Vol.121, 
pp. 641-677.  
16. Iyer, B. (1972), “Swelling of compaction shale”, thesis submitted for 
the degree of PhD, University of Alberta Edmonton, Canada. 
17. Jennings, J. E. and Knight, K. (1957), "The prediction of total heave 
Form the double oedometer test", proc. Symp.  Expansive clays (South 
African Inst Of civil Engineers, Johannesburg), Vol.7, no.9, pp.13-19. 
18. Justo, J. L., Delgado, A. and Ruiz, J. (1984), "The influence of stress 
in the collapse swelling of soils in the laboratory", proc. 5th .int. conf. 
on Expansive Soils (Adelaide, Australia), pp. 67-71. 
19. Justo, J. L., and Saetersdal, R. (1981), "Design parameters for special 
soil conditions", general report, Proc. 7th .Eur. conf. Mechanics 
(Brighton, UK), Vol .5, pp. 127-158. 
20. Kumar, N. (1984), "Review of common design and construction 
practices on expansive soils in Colorado", proc. 5th Int. conf. 
 64
21. Lambe, W. T. and Whitman, R. V. (1979), Soil mechanics, John 
Wiley and Sons, New York. 
22. Matyas, E. L. (1969), "Some properties of two expensive clays from 
western Canada", proc 2nd int. conf. on Expensive clays Soils (Texas 
A& M Univ., college station), pp. 263-278. 
23. Nelson, J. D. and Miller, D. J. (1992), Expansive soils: problem and 
practice in foundation and pavement engineering, John Wiley and Sons, 
New York. 
24. Noble, C. A. (1966), "Swelling measurements and prediction of heave 
for lacustrine clay", can. Geotech. J., Vol.3, no. 1, pp. 32-41. 
25. Osman, M. A. and Ali, E. M. (1984), Construction expansive soils in 
Sudan, Journal of construction Engineering and Management Vol 110, 
No.3. September 1984, pp.359– 374. 
26. Palit, R. M. (1953), "Determination of swelling pressure of clay soils", 
proc. 3rd int. conf. soil Mech. and Found. Eng., Vol.1, pp. 170-172. 
27. Porter, A. A. and Nelson, J. D. (1980), "Strain controlled testing of 
expansive soils", proc.4th int. conf. Expansive soils (Denver, Colorado) 
,Vol. 1 . pp .34-44. 
28. Seed, H. B., Mitchell, J. K and Chan, C. K.  (1960), "The strength of 
compacted cohesive soils". Proceedings ASCE research conference on 
cohesive soils, Boulder, American Society of civil Engineers, New 
York, pp 877- 964. 
29. Seed, H. B., Mitchell, J. K and Chan, C. K.  (1962), "Studies of swell 
and swelling pressure characteristic of compacted clay", HRB Bull., 
Vol.313, pp.12-39. 
 65
30. Skempton, A. W. (1953), "The colloidal "activity" of clays," 
proceedings, 3rd international conference on Soil mechanics and 
foundation engineering, Zurich, Vol.1, pp 57-61. 
31. Skempton, A. W. (1961), "Horizontal stresses in an overconsolidated 
Eocene clay", proc. 5th int. conf. soil Mech. And found Engrg, Vol. 1, 
pp. 351-357. 
32. Sridharan, A., Rao, A. S. and Sivapullaiah, P. V. (1986), "Swelling 
pressure of clays", geotechnical .Test .J, Vol.9.no.1, pp.24-33. 
33. Shuai, F. (1996),"Simulation of swelling pressure measurements on 
expansive soils" thesis submitted for the degree of PhD. University of 
Saskatchewan, Saskatoon, Canada. 
34. Van Der Merwe, D. H. (1964), "The prediction of heave from the 
plasticity index and percentage clay fraction of soil". South African 
Institute of civil Engineers, Vol.6: pp 103-107. 
35. Yeving, A. and Zaslavsky. (1970), "Some Factors affecting compacted 
clay swelling" Canadian Geotechnical Journal, Vol 7, no.1, pp. 79-89. 
36. Zumrawi, M. M. (2000), "Performance and design of expansive soils 
as road sub grade" thesis submitted for the degree of PhD high way 
engineering Institute, Chang’an University Xi’an.  
 
 
 
 
 
 
 
 
 66
0
2
4
6
8
10
12
1 10 100 1000 10000
Time (minutes)
Pe
rc
en
t s
w
el
l %
Soil(1) 1.4
Soil (1)1.56
Soil (1)1.7
 
Figure 1: Primary swelling vs moisture content at 13% moisture content for 
soil (1). 
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Figure 2: Primary swelling vs moisture content at 16% moisture content for 
soil (1). 
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Figure 3: Primary swelling vs moisture content at 19% moisture content for 
soil (1). 
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Figure 4: Primary swelling vs moisture content at 23% moisture content for 
soil (1). 
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Figure 5: Primary swelling vs moisture content at 27% moisture content for 
soil (1). 
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Figure 6: Primary swelling vs moisture content at 31% moisture content for 
soil (1). 
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Figure 7: Primary swelling vs moisture content at 35% moisture content for 
soil (1). 
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Figure 8: Primary swelling vs moisture content at 13% moisture content for 
soil (2). 
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Figure 9: Primary swelling vs moisture content at 16% moisture content for 
soil (2). 
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Figure 10: Primary swelling vs moisture content at 19% moisture content for 
soil (2). 
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Figure 11: Primary swelling vs moisture content at 23% moisture content for 
soil (2). 
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Figure 12: Primary swelling vs moisture content at 27% moisture content for 
soil (2). 
 72
0
0.5
1
1.5
1 10 100 1000 10000
Time (minutes)
Pe
rc
en
t s
w
el
l %
Soil(2) 1.4
Soil (2)1.56
Soil (2)1.7
 
 
Figure 13: Primary swelling vs moisture content at 31% moisture content for 
soil (2). 
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Figure 14: Primary swelling vs moisture content at 35% moisture content for 
soil (2). 
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Figure 15: Primary swelling vs moisture content at 13% moisture content for 
soil (3). 
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Figure 16: Primary swelling vs moisture content at 16% moisture content for 
soil (3). 
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Figure 17: Primary swelling vs moisture content at 19% moisture content for 
soil (3). 
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Figure 18: Primary swelling vs moisture content at 23% moisture content for 
soil (3). 
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Figure 19: Primary swelling vs moisture content at 27% moisture content for 
soil (3). 
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Figure 20: Primary swelling vs moisture content at 31% moisture content for 
soil (3). 
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Figure 21: Primary swelling vs moisture content at 35% moisture content for 
soil (3). 
 
 
 
 
